A vertically supported, two-axial scanning micromirror with an optical reflection area of 600 µm × 600 µm has been successfully demonstrated using a 2 µm thick standard planar polysilicon surface micromachining process. The micromirror was lifted from the substrate and vertically supported by locking springs and hinges using a micromanipulator under a probe station. It was torsionally actuated in the two orthogonal angular directions including the first that is normal to the substrate and the second that is normal to the plane of the vertically supported microstructure. Furthermore, under an ac driving voltage of 2.5 V and dc bias voltage of 5 V, it was able to reflect and generate laser light patterns on a distant screen. The scanned and reflected laser light was able to make a circular pattern at f = 387 Hz, an elliptical pattern at f = 350 Hz and a line pattern at f = 427 Hz. As such, this surface-micromachined vertical mirror system could have potential applications for an optical bench on a chip.
Introduction
Micromirrors are basic components in many optical systems such as scanners, microscopes, interferometers and waveguides. Both bulk-and surface-micromachining technologies [1] [2] [3] have demonstrated the feasibilities and potential of using micromirrors in scanning devices such as bar-code reading, optical data storage, telecommunication and display due to the inherent small inertia and fast response of these micromirrors. In previous demonstrations, torsional micromirrors have been used to scan light in a single axial direction with high operation bias voltages of 40 [1] , 18 [2] , 75 [3] and 40 V [4] , respectively, and it is desirable to lower the operating voltages of these microdevices. In the area of two-axial actuators/mirrors, previous works include monolithic 2D actuators by means of thermal actuation [5] , electromagnetic actuation [6] and electrostatic actuation [7] [8] [9] . These 2D mirrors are typically made using planar structures to have out-of-plane motions, while the scanning axes are parallel to the planar directions. It is interesting to investigate out-of-plane 2D scanning mirrors using surface-micromachining processes. Previously, a vertically supported two-axial comb drive [10] has been presented that allows vertically supported microstructures to be actuated in the directions parallel and normal to the comb fingers. This paper further presents a vertically supported micromirror that can scan in two axial directions under low operating voltages. Analyses and experiments on the electrostatic driving force and torque are presented with discussions on the design and two-axial scanning operations. Figure 1 shows a schematic diagram of the two-axial torsional mirror that is vertically supported on a substrate by locking springs and hinges. Incident light is scanned and reflected in both θ and φ directions using the driving comb-structures. The micromirror is connected to beams that are supported on a substrate via hinges and locking springs. Left and right stationary combs are supported in the same manner. The comb structures of the micromirror and stationary comb structures are constrained on the substrate by the mechanical hinge structures [11] . The locking springs [10, 11] are designed to play two important roles at the same time: (1) to supply adequate mechanical force on the hinge; (2) to assure good electrical contact between the ground plane and the vertically supported microstructures. All microstructures are first fabricated on the substrate and then lifted to the vertical position under a probe station in order to actuate the vertically supported micromirror in the θ and φ directions, as defined in figure 1 . When a dc bias voltage, V d , and ac driving voltage, V a , are applied, electrostatic forces are generated between the stationary and movable combs and in turn provides the electrostatic torques in the θ and φ directions. Shown in figure 2 (a) is a top view (normal to the z-axis) of the stationary comb and movable mirror arrangements to generate electrostatic torque for the θ scan. electrostatic torque for the φ scan. The stationary combs are misaligned with the micromirror plate of about 12 and 24 µm respectively in this prototype setup to offer electrostatic torques for the θ and φ scans. A pair of forces, F 1 and F 2 in figures 2(a) and (b), acts on the mirror at l 1 and l 2 (a distance from the substrate to the center of the mirror) to generate moments for torsional motions. The optical scanning angle of the micromirror will be twice the mechanical angle. In order to analyze the electrostatic force and torque in both x-z and y-z planes, figure 3 shows the relative positions of a pair of comb fingers. Movable and stationary fingers are interdigitated for electrostatic force in the x direction but misaligned by a distance, s, between movable and stationary fingers in the y direction to generate an electrostatic force in the y direction. The electrostatic force between fingers of the conventional comb structures [1] [2] [3] is theoretically obtained from the derivative of the electric field energy stored between the comb fingers. However, theoretical electrostatic forces of the comb fingers positioned, as shown in figure 3 , cannot be derived analytically because of nonlinear behavior to the misalignment, s. The electrostatic force f y on a pair of fingers of figure 3 is expressed from finite element analysis using a commercial code MAXWELL [12] as follows:
Theory and design
where A, l and V are the force coefficients to be determined by numerical simulation, overlapping finger length and applied voltage, respectively. The force coefficient is not a constant but a function of the geometry of the finger width (w), the gap (g) between movable and stationary fingers and the finger thickness (t), as shown in figure 3 . Table 1 summarizes the design parameters of a prototype two-axial torsional micromirror. A simulation using the software, MAXWELL, is conducted to obtain the electrostatic force coefficient, A, and figure 4 shows potential lines of the y-z plane in figure 3 . The force coefficient A 1 of the left comb is estimated to be 3.3 × 10 −7 N V −2 m −1 from this simulation for the prototype device with dimensions of w = g = 3 µm, t = 2 µm and s = 12 µm, respectively. For w = g = 3 µm, t = 2 µm and s = 24 µm, the force coefficient A 2 of the right comb is obtained to be 8. 
10 −7 for s = 12 × 10 −6 m-24 × 10 −6 m, where A and s are in N V −2 m −1 and m, respectively. For the first-order approximation, it is assumed that the micromirror is a rigid body in the following analyses. When a voltage is applied across the movable structure and the stationary combs in figures 1 and 2, the electrostatic forces F 1 and F 2 are generated on the first and second combs as follows:
where n, A 1 and A 2 are the total number of comb pairs and the force coefficients for the first and second comb finger pairs, respectively. Figure 5 shows the forces acting on the micromirror. The first and second electrostatic forces F 1 and F 2 are applied at the distance l 1 from the center of the mirror and provide the θ and φ directional torsion of the mirror, respectively. Two spring beams supporting the micromirror resist the electrostatic forces. In figure 5, l 1 , a, b, l b , w b and t denote the distance between the electrostatic force regions (center of the overlapping comb finger regions) and the center of the mirror, the half distance between the centers of the two supporting spring beams that are designed to be symmetrical to the center of the micromirror, the half distance of the mirror height, the length, width and thickness of the supporting spring beam, respectively. The rotational angles θ and φ, corresponding to the applied voltage V, can be obtained from Castigliano's theorem [13] . Figure 6 shows a free body diagram of the mirror and spring beam to obtain the angle φ. The mirror is subjected to the following net force in the y direction:
The bending moment in the spring beam at z is obtained from the moment balance of the free body diagram (figure 6) as follows:
where M is a dummy moment for moment balance in the free body diagram. The elastic energy stored in the two spring beams of length l b is obtained with respect to the force F x and moment M as follows:
where E and I are Young's modulus and the moment of inertia of the supporting spring beam, defined as w b t 3 /12. Using Castigliano's theorem [13] yields the angle φ as a function of the applied force: Similarly, the angle θ can be obtained from the derivative of a stored energy in the spring beams. Two free body diagram of figures 5 and 7 are used to obtain θ . In figure 7 , the force F s , the torque T s and the bending moment M s due to deformations of the spring beams keep balance with the applied torque T θ in the θ direction that is generated from the two electrostatic force of figure 5 . The torque on the mirror in figure 5 due to the electrostatic forces F 1 and F 2 is expressed as
From figure 7 , the balance of moment in the θ direction gives the following relation between the applied torque T θ and the force F s and torque T s generated by the spring beams:
where a is the distance measured from the center of the mirror to the spring beam. The free body diagram of figure 7 also gives the displacement of the end of the spring beam as a function of the angle θ :
The bending moment M z and torque T z at z of a spring beam are obtained from the moment balance of figure 8: With the bending moment and the torque, the elastic energy stored in a beam is expressed as
where G and J denote the shear modulus and the polar moment of inertia of the spring beam, respectively. Due to the fixed boundary condition at the connection of the supporting spring and the micromirror, the deflection angle at the end of the supporting spring in figure 7 is zero as follows:
The above equation yields the moment M s with respect to F s :
The displacement δ of the end of the spring beam is obtained with respect to the moment M s and F s :
Substituting equation (15) The angle θ of the spring beam in figure 7 is expressed as
After substituting equations (17) and (18) into equation (9) and using the geometrical constraint equation (10), the angle θ is expressed as a function of the applied torque T θ .:
The shear modulus for an isotropic material is defined as follows [13] :
where E and ν represent Young's modulus and Poisson's ratio, respectively. For the supporting spring beam of w b t, the polar moment of inertial is expressed as [14] 
For the rectangular beam of w b t, the following equation applies:
Substituting equation (8) into equation (19) gives the static angle θ that corresponds to the voltage V applied across the micromirror and the stationary combs: Combining equations (7) and (14) yields the angle φ corresponding to the applied voltage V:
(24) Figure 8 shows results of θ and φ based on the above derivations using the data in table 1. It is observed in figure 8 that the angle θ and φ are a function of proportional to the square of the applied voltage. Furthermore, under a dc bias of 5 V, the angular deflections in the θ and φ directions are 0.11
• and 0.4 • , respectively. When a dc bias voltage, V d , and ac driving voltage, V a , are applied, as shown in figure 1 , the mirror vibrates under forced vibration due to the electrostatic force. Because the micromirror of figure 1 is a nonlinear vibration system of more than three degree-of-freedom, it is difficult to obtain the theoretical or analytic dynamic responses. However, one can conduct modal analysis to investigate mode shapes and corresponding resonant frequencies. Figure 9 shows the simulation results of possible mode shapes corresponding to force and torque on the mirror using a finite element analysis software, ANSYS [15] . The resonant frequencies corresponding to modes (a), (b) and (c) are 581 Hz, 2.34 kHz, and 11.93 kHz, respectively.
For a feasibility study of the two-axial scanning micromirror vertically supported by spring beams, the initial structure of table 1 is selected. The gap and width are selected to be 3 µm because the dimension can be easily defined in the surface micromachining using polysilicon [16] . In order to make two axial motions, the left misalignment is selected to be 12 µm and the right misalignment is 24 mm that is twice the left misalignment.
Results and discussion
Two-axial torsional micromirrors have been fabricated by the standard surface micromachining process [16] . Figure 10 electrically connected to contact pads via the hinges. The reflection area of the micromirror is 600 µm × 600 µm. The lifted structure is electrically connected to the electrode on the substrate when the locking spring deformed. The contact resistance between pads and the lifted structures is measured to be 11 k . Figure 11 depicts a top view of the device showing the detail placement. Within an error of microscope resolution, the stationary combs are misaligned with the micromirror plate with 12 µm and 24 µm, respectively to generate the electrostatic force and torques for θ and φ scans. The fabricated micromirror was observed to actuate under atmospheric pressure with an ac driving voltage of 2.5 V and dc bias voltage of 5 V. Figure 12(a) shows the left, middle and right portions of the mirror that do not move before applying the voltages, and figure 12(b) shows that the mirror is torsionally vibrating at the resonant frequency of 2007 Hz in the θ direction since the center portion of the micromirror plate is not moving. The measured vibration amplitude of the end of the polysilicon mirror is 6 µm. Without operating the device under resonance, it is possible to control the two-axial torsional micromirror to display various patterns by varying the input frequencies. Figure 13 shows optical angles in the θ and φ directions measured from the micromirror. The maximum optical angles are 1.64
• and 0.42 o in the θ and φ directions, respectively. The resonant frequency is 2.0 kHz that is a little lower than the theoretical predicted value of 2.34 kHz and the quality factor for θ scanning is estimated to be 6.5 from the experimental frequency spectrum. As seen in figure 10 , the mirror has small-size etch holes to reflect much light and these small size holes on the mirror cause large damping force or low quality factor of 6.5. Figure 14 shows patterns generated by the two-axial torsional micromirrors, including circle, ellipse and line patterns on a distant screen (175 cm away from the micromirror). The laser light is reflected by the micromirror to make a circle at 387 Hz, an ellipse at 350 Hz and a line pattern at 427 Hz while the mirror is moving under an ac driving voltage of 2.5 V and dc bias voltage of 5 V. It is noted that the response at 350, 387 and 427 Hz are around resonant frequency in the φ direction to show that the mirror can make several patterns. The quality factor in the φ direction resonance is measured to be about 3. The resonant frequency in the θ direction is 2007 Hz with the quality factor of 6.5, as shown in figure 13 , and the mirror at this frequency makes a line on the screen. The frequency response of the mirror in figure 13 suggests that the dynamic behavior in the φ direction is weakly coupled with that in the θ direction. The experimental resonant frequency of 2007 Hz in the θ direction in figure 13 corresponds to that (2340 Hz) of mode shape in figure 9(b) . One of the resonant frequencies of 387 Hz and 194 Hz corresponds to the simulated frequency of figure 9 (a). The simulated resonant frequency of 11.93 kHz was not observed in the experiment. It is noted that the measured resonant frequencies are lower than the simulated resonant frequencies. The lower resonant frequency suggests that the electric stiffness due to the electrostatic force may be comparable to the stiffness of the spring beams. Although the static responses in figure 8 briefly show the mirror behaviors, the real response includes resonance, as shown in figure 13 . Therefore, the static responses of figure 8 cannot be directly compared with the measured data of figures 13 and 14. In order to optimize the performance of the mirror, further research on the dynamic behaviors needs to be performed. These preliminary demonstrations show the possibilities and feasibilities of applying these vertical scanning mirrors for applications in micro optical systems such as scanners, interferometer and bar-code reading.
Conclusions
We have successfully demonstrated and operated a vertically supported, two-axial torsional micromirror fabricated by the standard surface-micromachining process and assembled under a probe station. The 2 µm thick polysilicon micromirror, vertically supported on a substrate by locking springs and hinges, was torsionally actuated in the two orthogonal angular directions under ac driving voltage of 2.5 V and dc bias voltage of 5 V. It is found that reflecting laser light patterns under the controlled motion of the micromirror can generate patterns of line, ellipse or circle on a distant screen using various driving frequencies. Theoretical analyses on the electrostatic force and torque are conducted and supported by finite element analyses. The experimental measurements show that the maximum optical angles are 1.64
• and 0.42
• in the θ and φ directions at 2.0 kHz, respectively. The easy implementation of the system using standard surface-micromachining from various foundry services and low operation voltages provides opportunities to apply this new class of actuator in making optical systems on a chip.
